W hen heart muscle is stretched, it increases the force of contraction so that cardiac output matches venous return on a nearly beat-to-beat basis, and this was elegantly described by Ernest H. Starling (1866 Starling ( to 1927 , who formulated "Starling's law of the heart" on the basis of earlier work (see historical review 2 ). The physiological basis of this essential homeostatic mechanism has remained quite elusive however. Although the ascending limb of the length-tension relationship of the contractile machinery and its increasing calcium sensitivity provides a large part of the explanation, 3 additional slow changes occur that augment the effect of changes in overlap between thin and thick filaments. 3, 4 The latter "slow force response" (SFR) develops over several minutes following a stretch 5 and is independent of excitation, because it develops during the resting period between contractions. 6 Most of the SFR seems explainable on the basis of an increase in the amplitude of the intracellular Ca 2ϩ transient, 7 and many mechanisms have been implicated in the SFR of cardiac tissue (see reviews 8, 9 ). Because a prominent SFR is also seen in isolated myocytes, 10 we can conclude a large part of the ventricular SFR mechanism resides within the myocyte itself. One problem confounding study of the myocytes response is that mechanical experiments on isolated myocytes are extremely challenging and involve attaching carbon fibers to the cell to stretch the cell 11 or mounting the cell in a medium (such as agar) that is mechanically deformed to stretch the cell. 12 The single cell approach carries the benefit of avoiding complications from the presence of other cell types, exogenous hormones, and peptides while still allowing intracellular Ca 2ϩ (and other ion) measurements with optical techniques. Such experiments have revealed 3 main contenders for the myocyte SFR: (1) a sodium-hydrogen exchange mechanism, 13 as well as (2) stretch-activated ion channels (SACs) 13 ; and (3) a nitric oxide (NO)-dependent mechanism. 14 It should be noted that evidence for all 3 of these mechanisms also exist in intact tissue. 8, 9 In this issue of Circulation Research, Iribe et al 15 identify a new dimension in the ventricular response to mechanical stretch. They report that stretch induces an immediate but short lasting (Ϸ60-second) increase (Ϸ30%) in resting Ca 2ϩ spark 16 production, and this effect appears quite different from the mechanisms proposed to underlie the SFR. Ca 2ϩ sparks underlie the normal Ca 2ϩ transient 17 and provide a sensitive measure of the probability of ryanodine receptor (RyR) opening and can therefore probe changes in the ability to release Ca 2ϩ stored within the sarcoplasmic reticulum. 18 The transient and immediate nature of the response implies some fundamental differences to the known SFR, and Iribe et al 15 carry out a number of experiments to look for the overlap between their effect and that of putative SFR mechanisms. The lack of effect of removal of extracellular Ca 2ϩ and Na ϩ seems to rule out all effects attributable to SAC and sodiumhydrogen exchange and the possible involvement of SAC was further examined by application of the spider toxin GsMTX-4, a potent inhibitor of the transient receptor potential channel members of putative SACs. 19 Again, the lack of effect of GsMTX-4 showed a clear difference to previous studies of modulation of the SFR by SAC. By stretching only one-half of the cell, membrane potential changes and/or diffusible second messengers were shown to be unlikely candidates (because the lack of effect on the nonstretched half provided a powerful intrinsic control). An L-NAME-sensitive NO pathway has been shown to cause an increase in Ca 2ϩ spark production in stretched isolated cells, 14 but the complete lack of effect of L-NAME in the present experiments seem to rule out a role for NO synthase (and may even call into question the previous report).
With no known candidate mechanisms for the immediate stretch response, what could the transduction pathway be? Here, logic dictates that the mechanical stress is almost certainly carried by the cytoskeleton and there is considerable interest in the concept of "tensintegrity," where microtubules act as stiff rods to resist and transduce mechanical perturbations. 20 Colchicine treatment for 2 hours to disrupt microtubules prevented stretch from increasing Ca 2ϩ spark rate, and although colchicine is not particularly selective, this result strongly implicated microtubules. This leads to the obvious question of how might the change in cytoskeleton stress/strain be communicated to the RyRs in the SR. Iribe et al. 15 suggest that there may be a simple mechanical linkage between the cytoskeleton and RyRs, an idea supported by the use of electron microscope tomography to look at the organization of junctional SR and tubulin filaments. By looking carefully at SR junctions in 3D, the authors found evidence for tubulin Although further work on the hypothesis that microtubules physically modulate RyR open probability is needed, a new link between the cytoskeleton and signal transduction in cardiac myocytes seems to have been discovered. This raises an obvious question: Does the effect on resting Ca 2ϩ spark production have any physiological relevance or is it just an epiphenomenon associated with length changes? Iribe et al 15 discuss the possible effects of changes in cytoskeletal integrity in disease states to make a case for the potential importance of the phenomenon they have discovered. However, for normal physiology, the transient nature of the effect seems problematic in this regard. As noted by the authors, although an increased resting Ca 2ϩ spark rate should reduce SR Ca 2ϩ content, such a transient response, would not explain steady-state effects of stretch on SR Ca 2ϩ sequestration. In addition, if the effect were reset during contraction, so that it became active during diastolic stretch, it would oppose the SFR and this seems teleologically undesirable. However, I suggest that it is possible that the real physiological importance may reside in both cyclic reversal of the effect and communication of contraction state between cells. If the open probability of RyRs is increased by stretch then, during contraction, the reverse might occur as cell length decreases. This would serve to help shut down Ca 2ϩ release once contraction takes place and would therefore act as a new negative feedback mechanism (force linked) in excitationcontraction coupling. On the other hand, if one cell were stretched by its neighbors, an increase in open probability of the RyRs of that cell could help augment its contraction and reduce possible cell to cell contractile heterogeneity. This would form positive feedback between cells and across the tissue. Future experiments using cyclic length changes may be able to show whether these ideas have any merit.
The rapid increase in Ca 2ϩ spark rate with stretch may also have implications for our understanding of arrhythmia generation and resetting by mechanical blows to the heart. 21 Stretch of the affected myocytes would lead to depolarization by SAC as well as SR Ca 2ϩ release generating inward (depolarizing) current via sodium-calcium exchange. It is important to note that the latter effect would not depend on membrane potential, unlike that of SAC.
Whatever the ultimate consequences/explanations of this new mechanism, Ernest Starling, with his love for instrumentation and experimentation, would surely have enjoyed looking at the results of these experiments via the media that are now available over the internet. I wonder, though, whether he ever realized what a difficult problem the physiological explanation of Starling's Law was going to be?
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